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ABSTRACT

Magnetic iron oxide nanoparticles (MNPs) have been synthesized and
fully characterized by using different spectroscopic techniques such as
transmission electron microscopy (TEM), X-ray diffraction (XRD) and infra-
red spectra (FT-IR). The synthesized particles used as a friendly
nanoadsorbent for adsorption trivalent rare earthions RE®* (La** and Gd**)
from aqueous solution. The adsorption of La* and Gd** as a function of
contact time, initial solution pH and temperature was investigated.
Moreover, kinetics and thermodynamics were studied to understand the
adsorption mechanism of La* and Gd** into the synthesized MNPs. The
obtained thermodynamics functions AH, ASand AG reveal that sorptionis
thermodynamically driven. In addition, the adsorbed La** and Gd* canbe
readily desorbed 99% from the MNPs surface by using 0.5 M nitric acid.
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INTRODUCTION

Rareearth (RE) d ementsare agroup of chemical
elementsthat includesal thelanthanides, yttriumand
scandium. Given their particular spectroscopic and
magnetic properties, the RE e ements play animportant
role in many fields of advanced materials science;
therefore, industrial demand for them hasincreased,
such asmagnet, € ectronics, super conductors, medica
and nuclear technologies?. They are“rare” because
they do not naturally occur in metallic form, only as
mixed and scattered in minerals and are difficult to
separate from each other dueto very similar physico-
chemical properties, which explainswhy the history of
their discovery has a long periodi®4. Therefore,
separation, sorption and recovery of lanthanidefrom

nuclear and metal-containingindustrial waste streams
areimportant both environmental ly and economically.
Themost widely used techniquesfor the separation and
recovery of REEsinclude precipitation®, liquid-liquid
extraction®, ion exchange” and adsorption®9. Inall
theaforementioned literature, thelanthanidemeta swere
successfully separated or adsorbed using supported
meateridsassolid-liquid extraction and sorption method.
Salid- liquid extraction technique (SPE) has become
one of themost widely used for REES separation, due
toitissmpletoimplement, high preconcentrationfactor
to be attained, rapid phase separation, and easily
incorporated into automated and ytical techniques®9.
The adsorbent has a crucial function in SPE-based
methods becauseit determinesthe selectivity, affinity,
and capacity. Ideal SPE adsorbents are expected to


mailto:dr_ahmedfawzynma@yahoo.com

CTAIJ, 11(3) 2016

Ahmed F.Abdel-Magied et al.

101

havethefollowing characterigtics. (i) porosity, havinga
large specific surface area, (ii) low blank, (iii) high
chemica and mechanical stability, (iv) fast kinetics of
adsorption and desorption, (v) reversible adsorption,
(vi) high selectivity and finally (vii) high recovery
efficiency. Great efforts have been made in the
investigation of novel materidsfor SPE technology, as
revealed by the increasing number of publications
describing new and more selective sorbents or
procedure“1?, Several types of nanomaterials,
including magneticiron oxidenanopartides(MNPs) have
uni que advantages SPE adsorbents such asfavorable
chemica stability, low cogt, eesily retrieved fromsolution
with amagnet. Task gpecific magnetic nanoparticlescan
be prepared by coating the surface with functional
groups®3.

In thiswork, we focused on the devel opment of
SPE method by usng materid in nano-sizesuch asiron-
oxide nanoparticlesfor adsorption of our target metal
ionsRE* = La* and Gd* from aqueous solution. In
order to confirm the successful synthesis of the
synthesized Fe,O, magnetic nanoparticles, full
characterizationincluding TEM, XRD, FTIR and zeta
potential have been carried out. In batch adsorption
tests, different parameters were evaluated such as
| oading capacity, adsorption kinetics, thermodynamics
parameters and influence of pH. Desorption and
recovery of RE®** ions from MNPs at different
concentrationsusing different € uent concentration was
also carried out. Adsorption isotherm, kinetics and
mechani stic studieshavebeen carried out.

MATERIALSAND METHODS

Material

All thechemicd susadinthisstudy wereof andyticd
grade and used without further purification. High purity
La(NO,),-6H,O (99.9%) and Gd(NO,),6H,0
(99.9%), sulfuric acid (96%), ferric chloride
hexahydrate (FeCl,.6H,0, > 99%), ferrous cholride
tetrahydrate (FeCl,.4H,0 > 98%), ammonium
hydroxide (25%), standard of La*" and Gd** solutions
(2000mg/L in2%HNO,), nitricacid (65%) and sodium
hydroxide (98%) were purchased from SigmaAldrich.
All reagents used in the study were of analytical grade
and their respective solutions were prepared with
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distilled water.
Characterization

Inductively coupled plasma-Optical Emission
Spectroscopy (ICP-OES), (Thermo scientific
ICAP6E500 series) to determinethe concentrations of
meta ions. The operation conditionswere carried out
by adjustment of solutionspH using pH-meter (ORION
410A). Ultrasonic vibration was applied to prepare
MNPs dispersion. X-ray powder diffraction was
performed onaPhillips X Pert pro super diffract meter
with Cu Ka (k= 1.5418 A), Transmitted electronic
microscopy (TEM), A Fourier transform infra-red
(FTIR), (Nicolet Instruments model Avatar-100
equipped withATR diamond at 303K, Madison, WI,
USA) andthezetapotentia (DelsaNano C, Beckman
Coulter, Brea, CA, USA).

Synthesisof iron oxide MNPs

Iron oxide nanoparticles was prepared by co-
precipitation method. Generally, 1.988 g (0.125 moal)
of FeCl,.4H,0 and 5.406 g (0.25 mol) of FeCl.6H,O
(1:2) molar ratio aredissolved in 80 mL water ina
round flask and temperature was slowly increased to
70 °C under nitrogen atmosphere with mechanical
dtirring at 370 rpm for 30 minthen 20 ml of ammonium
hydroxide solution (25%) was added instantaneoudy
to the reaction mixture and kept the reaction for
another 30 min at 70 °C. The obtained black
preci pitates were washed with water threetimesand
separated from the supernatant using a permanent
magnet to get iron oxide MNPs.

Batch SPE experiments

Stock solutions of lanthanum nitrate
(La(NQ,), 6H,0) and (Gd(NO,), 6H,0) were
prepared by dissolving an appropriate amount in
deionized water. In atypical adsorption experimental
process, 2.5mg of MNPsmixed with 10 mL of mixture
solution of L& and Gd* in batch reactor was placed
inthe constant-temperature shaker with speed 70 rpm.
The pH was adjusted to the desired condition range
from 3to 8. Adsorption kinetics studies of RE* ions
were carried out at the same condition but varying of
contect timefrom1to 120min. Theinitid concentration
of RE®* samplewasvaried from 5to 50 ppm. Inorder
to investigate the thermodynamic parameters carried
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out by changing on adsorptiontemperatureranged from
27810 318K. Desorption of La* and Gd* from MNPs
using different concentration of HNO, aseluent was
carried out. Finally, magnetic nanoadsorbents were
separated from mixture with an external magnet and
ultracentrifugewith speed 10.000 rpm. Theadsorption
capacity (g,) of La* and Gd* were calculated by
equation (1).

Adsorption capacity (q,) = w @
whereC istheinitial RE* concentration (mg/L), C_is
theequilibrium RE® concentration (mg/L) intheagueous
solution, V isthetotal aqueousvolume(ml) andmis
the massof MNPs(mg).

Adsor ption kinetics

The adsorption kinetics is great importance for
adsorption investigation becausethey canindicatethe
adsorptionrate of the RE** from sol utionsand supply
effective datafor comprehending the mechanism of
adsorption reactiond**, Herein, theadsorptionkinetics
wasanayzed using thelinear formsof pseudo-first-order
and pseudo-second-order model's; equations 3 and 4
were gpplied toinvestigate the adsorption mechanism.

In(g.—q)=Inqg -kt (3
t 1

a9 = +t/ 4
gEe kyq.2 9 (4)

wherek, (min—"') istherate constant for first — order
adsorption, k., (g/mgmin) istherate constant for second-
order adsorption, g, (mg/q) isthe adsorption capacity
at equilibrium and g, (mg/g) isthe adsorption capacity
a anytimet.

Desor ption studies

To measurethedesorption processof RE* ionson
MNPs adsorbents, the preloaded RE*-MNPs
adsorbents were prepared using the same procedure
mentioned above. Theamountsof theloaded RE** on
MNPs adsorbent (C,_) were cal culated by equation
5.

C
Desorption % = —22= x 100 (5)

eds

whereC,__ istheamount of La** and Gd** released into
aqueoussolution (mg/l) and C__istheamount of La*
and Gd* adsorbed on the coated MNP (mg/l).

CHEMICAL TECHNOLOGY

RESULT AND DISCUSSION

Iron oxideM NPschar acterization

The typical TEM micrograph of the iron oxide
MNPswas shown in Figure 1a. It was clear that the
MNPswasessentially monodisperseand had asmilar
mean distribution sizeabout (12+ 3) nm. Additionally,
no aggregation wasobserved, indicating the excel lent
dispersibility of MNPsinwater. XRD pattern of the
synthesized MNPs is presented in Figure 1b. Six
characteristic peaks for Fe,O, nanoparticles
corresponding to (2 Theta) = 30.136, 35.554, 43.2,
53.529, 57.012, 62.961 and 89.690 for (220), (311),
(400), (422), (511), (440) and (731) planes,
respectively. These peaks are well matched with the
magnetite characteristic peaks (JCPDS card no.19-
0629) confirming thefunctionalized processdid not
result in the phase change and the magnetic nature of
iron oxide MNPswasvadidated®. The FTIR spectra
of the synthesized iron oxide MNPswere recorded.
Figure 1cshowsthe FTIR spectraof thepristine Fe,O,.
The analysisindicated absorption peaksat 584 cm!
corresponding to the Fe-O vibration related to the
magnetite phase. Further two bands around 3424 cm-
Land 1624 cmr! ascribed to stretching and bending
vibrationsof surfacehydroxyl groups, respectivelyt*”,

Batch adsor ption studies

The synthesizediron oxide MNPs possesshave a
great potential in their applicability in heavy metal
adsorption®d, sothefeasibility of iron oxideMNPsas
nanoadsorbent for removal of RE**ionsfrom agueous
solution was demongtrated by using L& and Gd®**ions
as atarget of REEs. The removal efficiency can be
influenced by variousfactorsasfollowing:

(a) Effect of contact time

Thecontact time between adsorbent and adsorbates
Is a vital parameter for evaluating the adsorption
propertiesof adsorbents. Resultsof influenceof contact
timeon theadsorption capacity areshownin Figure 2.
Generally, adsorptionisatime-consuming process, the
indicating contact timewasbeneficid for the sufficient
loading of La* and Gd**ions on theadsorption sites of
iron oxide MNPs. The obtained results show that the
adsorption cgpacity increased sharply within 10 minand
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Figurel: a) TEM image; b) XRD pattern and c) FT-IR of the
synthesized iron oxide M NPs

reached to maximum equilibrium within 30 min. With
theincreaseof contact time, moreadsorption Steswere
occupied and reach to 12.1 mg/g and 16.2 mg/g of
adsorption capacity for La®* and Gd*, respectively. So,
30 min wasenough to reach to adsorption capacity of
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Figure?2: Effect of contact time on theadsor ption capacity of
La* and Gd*. Experiment conditions. samplepH =7; volume
of sample=10mL; concentration of iron oxideM NP=2.5mg
at room temperature
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Figure 3 : Pesudo-second order kinetic model for the ad-
sorption of La®* and Gd* with iron oxideM NPs

TABLE 1: Coefficientsof pseudo-first-order and pseudo-
second-or der adsor ption kinetic models

Kinetic model Parameters La> Gd*

Ky (min™) 0.02 0.03

Pseudo-first order 0. (Mg/Q) 026 0.19
R 0.763 0.866

K, (g/mg min) 0.03 0.01

Pseudo-second-order g, (mg/Q) 1219 16.75
R 0.999 0.999

RE*.

Adsorption kinetics, as an important aspect of
adsorption mechanism study, were investigated by
following linear of pseudo-first order and pseudo-
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second order modelg'¥. The kinetics results are
represented in Figure 3 and thecal cul ated resultswere
listedin TABLE 1. Thecorrdation coefficient R2 of the
pseudo-first order kineticmodd weredl lessthan 0.763
and those of the pseudo-second order kinetic model
were al morethan 0.999, indicating better fitting to
pseudo-second order kinetic moded. Therate-limiting
step may be chemical adsorption or chemisorption
through sharing or exchange of electrons between
adsorbents and adsorbates. In theinitial 10 min, the
adsorption capacity increased rapidly meansthat the
chemical adsorption worked at fast rate®.

(b) Effect of pH and zeta potential

To determinethe experimental conditionsat which
La® and Gd** are effectively adsorbed with MNPs,
the sorption studies have been carried out at different
equilibrium pH levels. From iron oxide MNP
synthesized, the surface of Carboxyl-MNPs
functionalized with oxygen containing groups.
Furthermore, S. Prijic and co-workers have

25 -

20 9

15 1

q. (mg/g)

4 5 6 7
Equilibrium pH
Figure4: Effect of samplepH on theadsor ption capacity of
La*and Gd*. Experiment conditions: ( contact time=30min,
volume of sample=10ml, conc. of MNPs=2.5mg at room

temperature)

Deprotonation

demonstrated that theisod ectric point of MNPsisat
pH, ., 6.1, In order to to evaluate effect of pH, a
series of sample solution are adjusted to apH range of
3 to 8 and a process according to recommended
procedure asrepresented in scheme 1. Theadsorption
capacitiesgently increaserapidly from 3.2t0 13.6 mg/
gfor L& and from 6 to 21 mg/g for Gd*". According
to zetapotentia results, the surface of MNPat low pH
Ispositive charge dueto the protonation of hydroxyl
group (—OH,") and afew amount of free (—OH).
La**and Gd** are expected to exist predominantly in
theRE?* form. Theadsorption capacity of La** and Gd®*
arevery low becausethed ectrogtatic repulson between
RE?* and positive charge on the surface of iron oxide
MNPs and the concentration of H* increases with
decreasing pH, which competeswith La** and Gd* and
makestheion exchange reaction in the surface very
difficult. At pH > pH,_ Theadsorption capacity risesin
the pH range of 6 to 8. A possible reason may bethat
thesurfacechargeisnegative chargefrom zetapotentia
results; isoelectric point (pH,.) is 6.1, due to
deprotonation of hydroxyl group ontheMNPssurface.
So, the adsorption capacity increases because the
electrostatic attraction between La** and Gd* and
negative charge on the MNPs surface, the reaction
carried out by ion exchangemechanism. ThepH of 7.00
issdlectedin subsequent work(?

Effect of temperature and thermodynamic
parameters

Inorder to confirm themechanisminvolvedinthe
extraction process, we haveinvestigated the influence
of temperature on the adsorption capacity of La* and
Gd** using iron oxide MNPs. The obtained results
indicatethat asthetemperatureincreasesfrom 278to
318 K, the adsorption capacities of La** and Gd**

O = La3 and Gd3+

Scheme 1: Schematic for mation processof pH effect on adsor ption
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Figure5: Effect of temper atur eon theadsor ption capacity of
La* and Gd*. Experiment conditions samplepH =7; volume
of sample=10mL ; concentration of MNPs=2.5mg
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Figure6: Linear plot of In K,vs T for theremoval effi-
ciency of La* and Gd* oniron oxide M NPsat 278, 298, 308
and 318K

increase asrepresented in Figure 5. Theresults suggest
that higher temperatureisfavourableto speeding L&
and Gd** adsorption oniron oxide MNPs surface.
Thethermodynamic parametersAH®, AS> and AG°
for La®* and Gd** sorption oniron oxide MNPscan be
cd culated by usingthefollowing equations:
InKg = —;H—T—; % (6)
AG® = AH® — TAS® ()
whereR (8.314 Jmol K) isthegasconstant, T (K) is
the temperaturein Kelvinand K isthe equilibrium
congtant. AH° (KJ/mol) is the enthalpy change, AS’ (J/
mol K) istheentropy changeand AG° (K J/mol) is the
Gibbsfreeenergy changeinagiven process. Theresults
of thethermodynamic parameters (AH®, AS’ and AG®)
arelistedinTABLE 2. Linear plotsof InK , versus U'T
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TABLE 2: Thermodynamicspar ameter sfor adsor ption effi-
ciency of La*, Nd*, Gd*and Y3* by iron oxideM NPsat dif-
ferent temperature

Temperature(K)  Parameters  La*  Gd**
AH° (KJ/mol)  28.75  23.75
278 K AS (J/mol K) 10145 84.38
AG® (KJ/mol) — -2823 -23.41
AH° (KJ/mol)  28.75  23.75
318K AS (J/mol K) 10145 84.38
AG® (KJ/mol) -32.33 -26.81
80 ]
60 _H_H____.,--—'—F(—F’___—__-
Iy e
& 40 A
=
20 A —e—1la
. —=—Gd
0 LN B B B N B B B B B N B B B B N B N B N N B B B R
0 10 20 30 40 50 60
G (mg/l)

Figure7: Effect of initial concentration on theadsor ption of
La* and Gd* on MNPs. Experiment conditions. (pH =7,iron
oxideM NPsconc. =2.5 mg and contact time= 30 min at room
temperature)

for La®* and Gd**sorption on MNPsareshownin Figure
6. Thethermodynamic parametersare calculated from
the plot of InK, vs /T using equations6 and 7. The
positivevauesof AH® (K J/mol) indicates that the nature
of adsorption and theremoval efficiency of La® and
Gd*oniron oxide MNPsisan endothermic process,
and it would beincreasewith increase of temperature.
Thepositive AS’ values, also indicates that the sorption
processisspontaneouswith high affinity. The negative
AG? values also indicates that the spontaneous process
for removd eficiency of RE* oniron oxideMNPsunder
the conditions applied. The decrease of AG® with
increasing temperature indicates more removal
efficiency at higher temperature, RE* ionsarereadily
dehydrated, and therefore the adsorption or removal
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Figure8: Adsor ption isothermsof L a*ionson M NPsaccor dingto Langmuir equation (A) and Freundlich equation (B).
Experiment conditions. (pH =7; contact timeand 30 min at room temper ature)

efficient becomesmorefavorable.
Adsor ption isotherm

In order to illustrate the interaction between
adsorbates and adsorbent, the effect of initial
concentration on the adsorption capacity of iron oxide
MNPs. The results indicated that the adsorption
cgpacity of La®* and Gd** increasedwithincreasinginitia
concentrationfrom 5 mg/L to 30 mg/L and thentended
toleve off. Theresult isprobably duetotheincreasein
the driving force of concentration gradient and the
concentration at theadsorbent—adsorbates interface with
anincreaseintheinitia concentrationasshowninFigure
7. When theactive siteson theadsorbentsare occupied
sufficiently, the adsorption is saturated, and the
adsorption capacity reachesamaximum level.

Themaximum adsorption capacity of L& and Gd**
at equilibrium isotherm adsorption data have been
andyzed by Langmuir and Freundlichisotherm modeds,
whicharemost popular isotherm theories:

Clg,=C/q., +1lbq, (@)
wheregeistheamount of RE** ionsadsorbed oniron
oxide MNPsat adsorption equilibrium (mg/g), Ceis

theequilibrium RE* ions concentrationin solution (mg/
L), gmax representsthe maximum uptake of the RE®*
ions (mg/g) and b isthe Langmuir constant (L/mg),
rel ated to the binding energy of adsorption (affinity),
respectively. A plot of C /g, versusC_yieldsastraight
linewithaslopeof 1/q__ andintercept of 1/bq__ as
shown in Figure 8A. According to the slope and
intercept of thefitted line, thevaueof g andbcanbe
cdculated, assummarizedin Table 3. Thevaueof the
correlation coefficient R?for the Langmuir equationis
0.998, suggesting that the adsorption of La** and Gd**
on iron oxide MNPs fitted the Langmuir equation
isotherm very well.

The Freundlichisothermisan empirical equation
and usually wasempl oyed to describethe heterogeneous
systems. Thelinear form of aFreundlich equation can
berepresented asfollows:

Ing,=InK,+1nlInC, 2
whereK: isthe constant depicting adsorption capacity
related to bond strength and thedope 1/nisameasure
of theadsorptionintensity or surface heterogeneity. The
vaueof K. and ncan be determined fromthelinear plot
of Ing, versusInC_(asshowninFigure8B).
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TABLE 3: Langmuir and Freundlich constantsfor thead-
sor ption of La* and Gd* ionson M NPs

Adsorption isotherm  Parameters  La®*  Gd*
b (I/mg) 046 056

Langmuir Omex (MQ/Q) 50.7 67.1
R 0.998 0.996
Ke (mg/g)

Freundlich n 041 042
R 0.976 0.945

It was found that the value of the correlation
coefficient R2estimated from the Langmuir equationwas
sgnificantly higher thanthat ca culated from Freundlich
equation (TABLE 3). Thus, it can be concluded that
the Langmuir equation gives a better fit to the
experimental data than the Freundlich equation.
Adsorption capacity of MNPs has been eval uated to
be50.7mg/gfor La and 67.1 mg/g Gd**.

Desor ption studies

Desorption performanceisa so animportant nature
for an adsorbent duetoitsinfluence on the potential
practical application?3. In this study, different
concentration of HNO, (0.1-1M) was used as an eluent
for elution/recovery operation of the absorbed REES.
Theobtainedresultsarerepresented inFigure 10. Firdtly,
the desorption experimentswerefirst carried out using
NaOH solutionsand H,O in which negligible amount
of La** and Gd** wasrecovered. When HNO, solutions
with different concentration weretested for therecovery

100 1 ] —

80 1

(=2}
o

50.1MHNO3

%0.5M HNO3
0.8 M HNO3
1M HNO3

Desorption, %
S
=}

]
o

ol
La Gd

Figure10: Desor ption of La* and Gd* fromiron oxideM NPs

using different HNO_ concentrations(0.1-1M) for 30 min at

298K
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of RE* speciesfrom theloaded iron oxide MNPs, high
recovery could be obtained. The data suggested that
0.5M HNO, wassuitablefor complete recovery of ~
99% of La** and Gd*from the surface of MNPs.

CONCLUSION

Inthispaper, anove routefor highly adsorption of
La®* and Gd** from agueous sol ution by solid- phase
extraction technique using iron oxide magnetic
nanoparticle asananoadsorbent hasbeen reported. At
pH =7+ 0.1 and room temperature, MNPs achieve
high adsorption capacities, 50.7 mg/gand 67.1 mg/g
for La® and Gd**, respectively. Thekinetic datareved
that La** and Gd** sorptionratearefast. High desorption
efficiency was obtained for therecovery of RE* ions
by using HNO,, where 0.5 M HNO3 was suitablefor
completeel ution of adsorbed L& and Gd** fromiron
oxideMNPs.
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